An interdisciplinary expert panel of medical and surgical specialists involved in the management of patients with potential spinal cord injuries (SCI) was assembled. Four key questions were created that were of significant interest. These were: (1) what is the optimal type and duration of pre-hospital spinal immobilization in patients with acute SCI?; (2) during airway manipulation in the pre-hospital setting, what is the ideal method of spinal immobilization?; (3) what is the impact of pre-hospital transport time to definitive care on the outcomes of patients with acute spinal cord injury?; and (4) what is the role of pre-hospital care providers in cervical spine clearance and immobilization? A systematic review utilizing multiple databases was performed to determine the current evidence about the specific questions, and each article was independently reviewed and assessed by two reviewers based on inclusion and exclusion criteria. Guidelines were then created related to the questions by a national Canadian expert panel using the Delphi method for reviewing the evidence-based guidelines about each question. Recommendations about the key questions included: the pre-hospital immobilization of patients using a cervical collar, head immobilization, and a spinal board; utilization of padded boards or inflatable bean bag boards to reduce pressure; transfer of patients off of spine boards as soon as feasible, including transfer of patients off spinal boards while awaiting transfer from one hospital institution to another hospital center for definitive care; inclusion of manual in-line cervical spine traction for airway management in patients requiring intubation in the pre-hospital setting; transport of patients with acute traumatic SCI to the definitive hospital center for care within 24 h of injury; and training of emergency medical personnel in the pre-hospital setting to apply criteria to clear patients of cervical spinal injuries, and immobilize patients suspected of having cervical spinal injury.
Introduction
G reat care must be taken when providing medical care to an acutely injured patient prior to arrival at hospital. About 2% of all blunt trauma patients will have sustained a spinal cord injury, and these rates are higher in the setting of severe closed head injury (Crosby, 1992 (Crosby, , 2006 . Patients with acute spinal cord injury (SCI) are at risk of neurologic deterioration due to secondary injury to the spinal cord (Fehlings and Louw, 1996) . A potential cause of secondary injury is Davies et al., 1996; De Lorenzo et al., 1996; Hamilton and Pons, 1996; Hauswald et al., 2000; Johnson et al., 1996; Krell et al., 2006; Luscombe and Williams, 2003; Main and Lovell, 1996; Sheerin and de Frein, 2007; Walton et al., 1995) . There is tremendous variation in how care is administered prior to arrival at the hospital and during transport from one hospital to another (Armitage et al., 1990; Burney et al., 1989; Flabouris, 2001) . Some care models and treatments may provide patients with improved safety and reduce morbidity, and thus improve efficiency of care delivery. These variations of practice served as the impetus to perform a systematic review, in conjunction with a series of other systematic reviews related to SCI care. The purpose of this study was to provide evidence-based guidelines agreed upon by a multi-disciplinary expert panel to identify optimal care in key areas in the pre-hospital setting for patients with potential SCI.
Four questions that were of clinical relevance and that could have significant impact on patient care were determined by a multidisciplinary expert panel. These four questions posed for the systematic review were:
1. What is the optimal type and duration of spinal immobilization in patients with acute SCI? 2. During airway manipulation in the pre-hospital setting, what is the ideal method of spinal immobilization? 3. What is the impact of pre-hospital transport time to definitive care on the outcomes of patients with acute SCI? 4. What is the role of pre-hospital care providers in cervical spine clearance and immobilization?
These four questions then served as the basis of our systematic review of pre-hospital care of potential spinalcord-injured patients. The systematic review method was utilized to systematically collate and assess the literature, while minimizing bias in the assembly and interpretation of the evidence. Following an exhaustive search of the literature and collation of the identified studies into evidentiary tables, the evidence was graded and synthesized into guidelines that were refined through consensus using Delphi methodology (Hasson et al., 2000; Keeney et al., 2001; Kennedy, 2004) .
Methods
Four questions of pertinent interest to a multi-disciplinary committee with expertise in the management of SCI were agreed upon to form the basis of the systematic review. Each of the four questions was amenable to a systematic review. Members of this committee included a traumatologist (Avery Nathens), three trauma triage specialists in emergency medicine (Russell MacDonald, Andrew Tavers, and John Tallon), three spine surgeons (Henry Ahn, Michael Fehlings, and Albert Yee), a critical care intensivist ( Jeffrey Singh), and a fundamental scientist in SCI research (Darryl Baptiste) .
A primary literature search was performed using the MEDLINE, CINAHL, Embase, and Cochrane databases. A secondary search strategy incorporated articles referred to in meta-analyses, systematic and non-systematic review articles that were found in the primary search. Additional articles that were listed in the references of retrieved original articles could be also included in the secondary search strategy. The literature searches addressed publications produced from 1966 to April 2008. Two reviewers independently selected the articles based on the inclusion and exclusion criteria, determined their level of evidence, and assessed their methodological quality according to the Downs and Black criteria (Downs and Black, 1998) . Disagreement between the reviewers was reconciled by a third reviewer. All articles were directly related to prehospital care, and limited to human studies by excluding the ''animal'' Medical Subject Heading (MeSH). The MeSH search terms used were: ''pre-hospital care,'' ''spinal trauma,'' and ''spinal cord injury.'' Based on this methodology 66 articles were screened, and 47 were eligible based upon criteria utilized for pre-hospital care. These were scored according to the Downs and Black criteria (Downs and Black, 1998) . The main results of each article and the reviewers' assessments were summarized in an evidentiary table (Table 1) . Evidence-based responses were then composed for the four questions. A panel of 5 to 10 multi-disciplinary experts (from the Solutions Network [Acute Practice Network]) using the Delphi method scrutinized the evidence-based statements for the specific questions. A level of consensus of 80% or higher was considered to be a strong agreement. Based on the level of agreement and the comments from the expert panel, recommendations were formulated for each question related to prehospital care.
Findings from the systematic review Question 1. What is the optimal type and duration of spinal immobilization in patients with acute SCI?
In all, 25 studies were reviewed for this particular question (Chan et al., 1996; Chandler et al., 1992; Cordell et al., 1995; Cornwell et al., 2001; Davies et al., 1996 , De Lorenzo et al., 1996 Gerling et al., 2000; Graziano et al., 1987; Hamilton and Pons, 1996; Hauswald et al., 2000 Hauswald et al., , 1998 Huerta et al., 1987; Johnson et al., 1996; Krell et al., 2006; Luscombe and Williams, 2003; Main and Lovell, 1996; Mazolewski and Manix, 1994; Nypaver and Treloar, 1994; Peery et al., 2007; Perry et al., 1999; Schafermeyer et al., 1991; Schriger et al., 1991; Sheerin and de Frein, 2007; Walton et al., 1995; Waninger et al., 2001) . Most evidence in the literature was based on biomechanical studies with volunteers. The studies showed that immobilization with a board and collar and head immobilization between towels or foam wedges provided the most stable biomechanical immobilization (Huerta et al., 1987; Perry et al., 1999) . The addition of the board to the cervical collar provided statistically significantly more immobilization than a collar by itself (Chandler et al., 1992; Graziano et al., 1987 ). There were not enough studies to recommend exact types of collars. Certain forms of strapping, if applied appropriately in terms of location and tightness may further reduce lateral thoraco-lumbar spinal movement, but the clinical relevance of this reduction is not known (Mazolewski and Manix, 1994; Peery et al., 2007) .
The use of rigid boards can lead to discomfort at the occiput and sacrum and increased pressures that can lead to tissue necrosis (Chan et al., 1996; Hauswald et al., 2000; Main and Lovell, 1996; Sheerin and de Frein, 2007; Walton et al., 1995) . Cushioning the board can lead to increased comfort and decrease the amount of pressure at the occiput and sacrum without compromising biomechanical immobilization (Chan et al., 1996; Hauswald et al., 2000; Main and Lovell, 1996; Sheerin and de Frein, 2007; Walton et al., 1995) . Several studies examined the effects of duration of immobilization on Ambulance personnel were given 3 h of education and training in pre-hospital C-spine clearance and patient information using the algorithm designed by a faculty of emergency care practitioners. After training they were allowed to use the algorithm with the patients and return an audit form. 
Treatment:
Subjects were asked to lie on a rigid plastic board. The neck was flexed and extended by raising and lowering the head relative to the coccyx-scapular plane in 2-cm increments. The magnetic field isocenter was aligned with the subject's cricoid membrane. Once the subject was in position, imaging was obtained with a Phillips 1.5 T scanner. Transverse images through the center of the vertebral bodies from C2 to T2 were obtained. The imaging process was repeated with the occiput sequentially elevated and lowered by 2 and 4 cm to the plane of the plastic board. Outcome measures:
The ratio of spinal canal and spinal cord areas at each spinal level C2 to T1 was calculated for each position of flexion and extension. The cross-sectional area was determined.
To determine the optimal position for cervical spine immobilization using magnetic resonance imaging (MRI), and to define this optimal position in a clinically reproducible fashion
The mean ratio of spinal canal and spinal cord cross-sectional areas was smallest at C6, but exceeded 2.0 at all levels from C2 to T1 ( p < 0.05). At C4-C7 the zero position ratio of spinal canal area to spinal cord area was minimum for 78% of subjects. Small canal-to-cord ratios represent the lowest margin of safety for injury to the spinal cord potentially swollen by injury or ischemia, or impinged on by displaced vertebral structures. At the C5 and C6 levels the maximal area ratio was most consistently obtained with slight flexion (cervical-thoracic angle of 148; p < 0.05). For a patient lying flat on a backboard, this corresponds to raising the occiput 2 cm.
At þ 4 elevation significant variability was obtained among the subjects such that at this extreme degree of flexion, some individuals had maximal spinal canal=spinal cord area ratios at a given level, whereas others had minimal spinal canal=spinal cord area ratios. In healthy adults, a slight degree of flexion equivalent to 2 cm of occiput elevation produces a favorable increase in spinal canal=spinal cord ratio at levels C5 and C6, a region of frequent unstable spine injuries.
Domeier et al., 1997
Acad. Emerg. Med. Prospective validation of out of hospital spinal clearance criteria: a preliminary report (Observational study) Population:
Out of hospital transport ambulance personnel completed a questionnaire for patients. All participating personnel were trained on the study and questionnaires. They were told to verify the presence or absence of each data point based on the initial patient evaluation. The personnel were instructed to detail any potential DPI. Outcome data points were determined by medical record review. 
Treatment:
Each measurement was repeated three times and the average was used. Subjects were asked to perform the desired motion by moving as far as possible without causing pain=discomfort. C-spine ROM was recorded, a Stifneck cervical collar was applied, and ROM was repeated. Subjects were then randomized to be immobilized on a standard long spine board or on the VacBoard, both with and without a cervical collar. Each subject was then crossed over to the other device. During each immobilization, a full set of cervical spine ROM measurements was made, and after 10 min of immobilization, each subject was asked to grade overall immobilization on a 10-point visual analog scale, with 0 as ''no restriction'' and 10 as ''completely immobilized.'' Subjects were also asked to grade discomfort both overall and in seven specific body regions on a 10-point visual analog scale, with 0 as ''no discomfort'' and 10 as ''severe pain.'' Outcome measures:
Significance of each immobilization system on motion, overall immobilization, and discomfort
To determine whether or not vacuum splints provide cervical spine immobilization comparable to that obtained with the rigid backboard, and to compare the subjective comfort between the two systems 2B 16
In flexion, there was no significant difference between the VS þ CC (vacuum splint and cervical collar) and the BB þ CC (back board and cervical collar), and both these systems provided better immobilization than either without the CC. Without the CC, the VS provided significantly better immobilization for flexion than the BB.
For extension, the BB alone and the VS with or without a CC provided comparable immobilization, and all three combos were better than the BB þ CC.
In lateral bending, the vacuum splint in general provided better immobilization than the backboard, with or without a CC. In rotation, there were no significant differences in immobilization. Significant differences in subject perception of overall immobilization were found, with the VS þ CC providing the best immobilization, followed by the BB þ CC and VS alone, followed by the BB alone. The vacuum splint was also found to be significantly more comfortable than the backboard, both in subjective perception of overall and occipital region comfort, with or without a CC. Hauswald et al., 1998 Acad. Emerg. Med. Out of hospital spinal immobilization: its effect on neurologic injury (Observational case series) Population: 
0.001).
A backboard padded with a gurney mattress and egg crate foam caused the least ischemic pain (9.6 cm, 95% CI 8.9, 9.8 cm). A backboard padded with a gurney mattress was the second most comfortable device (7.0 cm, 95% CI 6.4, 7.4 cm). A backboard padded with a folded blanket was the third most comfortable (3.3 cm, 95% CI 2.6, 4.9 cm). The backboard alone caused the most pain (0.8 cm, 95% CI, 0.7 to 2.1 cm). Increasing the amount of padding on a backboard decreased the amount of ischemic pain caused by immobilization. The modified half spine board used with a rigid collar and tape was the most effective combination method.
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Treatment:
Subjects restrained on a wooden back board using a control and three strapping techniques: #1 (control)-two straps over the chest with a third strap placed just below the axilla; #2-the same straps as #1 with an abdominal strap across the umbilicus; #3-the same straps as #2, with a strap around the chest=arms; #4-no cross straps, but abdominal=arm straps. The backboard was rolled 908 and lateral motion of the torso was measured. Volunteers judged ease of breathing once the straps were tightened, and each was asked which method they thought allowed the least amount of lateral motion. Both the backboard and the scoop stretcher offered adequate stabilization for throracolumbar spine instability. The logroll maneuver presented the greatest possibility for movement of the spine at the unstable thoracolumbar segment.
Patients who were spinally immobilized were evaluated for the number and occasion of restraining straps and their degree of tightness to assess quality of immobilization.
Outcome measures:
Number and location of restraining straps and their degree of tightness
To quantify how often immobilization is inadequate 4 25 30% had at least one unattached strap or piece of tape that should have attached their head to the board; 88% were found to have > 2 cm of slack between their body and at least one strap; among those with any straps looser than 2 cm, the average number of loose straps was 3.4.
Perry et al., 1999 Spine
The efficacy of head immobilization techniques during simulated vehicle motion
Age ¼
y;
Height ¼ 168 cm; Weight ¼ 69 kg.
Treatment:
Three different headimmobilization methods were compared in six healthy adults using a computer-controlled platform to simulate movements that occur during transport; 5=6 volunteers were tested using each of the three different methods: (1) towels, (2) wedges, and (3) headbed; 1 volunteer was tested on the first two methods; 3 volunteers were tested for 8 min (4 exposures for 2 min each), and the other three for 14 min (7 exposures for 2 min each). (Downs and Black, 1998) .
body tissue pressure (Chan et al., 1996; Hauswald et al., 2000; Main and Lovell, 1996; Sheerin and de Frein, 2007; Walton et al., 1995) ; however, no study evaluated what constitutes a safe duration of immobilization on a hard board, although tissue interface pressures were elevated even after short periods of rigid immobilization (Main and Lovell, 1996; Sheerin and de Frein, 2007; Walton et al., 1995) . None of the studies assessed time on hard board and the clinical outcome of pressure sores. As a result, there is no firm time point cited in the literature after which immobilization should be discontinued. Main and Lovell (1996) performed an experimental randomized controlled trial in which subjects laid on six different support surfaces and surface pressure readings were obtained both at the sacral region and the thoracic region. Results showed that the traditional spinal board had the highest sacral reading of 233.5 mm Hg and the highest thoracic reading of 82.9 mm Hg, versus other forms of stretchers such as the York Two stretcher, for which readings of 46 mm Hg and 21 mm Hg, respectively, were obtained. The study also found that the traditional board lacked support for the lumbar lordosis. Differences in pressure readings in the various board surfaces and designs may lead to differences in the occurrence of pressure sores in the setting of prolonged transportation times and SCI (Main and Lovell, 1996) . Sheerin and de Frein (2007) conducted an experimental study examining volunteers on different support surfaces and assessed occipital and sacral tissue interface pressures. The highest pressure readings were seen with the traditional unpadded spinal board. They observed that occipital and sacral pressures were lowest with a vacuum mattress device (Sheerin and de Frein, 2007 ).
Mazolewski and Manix examined different techniques of strapping in spinal immobilization using an experimental study in which subjects were restrained on a spine board. Four different techniques were evaluated and lateral spine motion was measured as the backboard was rolled 908 from side to side. Motion was most reduced by placing two straps that cross over at the chest, with a third strap placed across the umbilicus (Mazolewski and Manix, 1994) .
Krell and colleagues compared the scoop stretcher to the long backboard for spinal immobilization in terms of motion and comfort. There were 6-88 more of sagittal motion during the application of the long backboard compared to the scoop board. The scoop board was also perceived to be more comfortable compared to the traditional board (Krell et al., 2006) .
There are few published studies evaluating spinal immobilization for children. Only two of the identified publications studied pediatric spinal immobilization (Nypaver and Treloar, 1994; Schafermeyer et al., 1991) . There are anatomic differences between adults and children that may prevent valid generalizations of the adult literature to spinal immobilization in a pediatric population. These include increased head:body size ratio, as well as a more posterior occiput relative to the spinal plumb line in children than in adults. With the relative paucity of literature evaluating pediatric immobilization, and the concerns regarding generalizability of adult findings to this population, the group decided to restrict recommendations made in this review to individuals over the age of 12 years. Most studies examining airway management were performed in the hospital rather than in the pre-hospital setting (Doran et al., 1995; Maruyama et al., 2008; Scannell et al., 1993; Turkstra et al., 2005) . Intubations in the studies were done by senior anesthesia residents or fully-trained anesthesiologists. The studies did not assess intubations done by emergency medical technicians in the field, and there was only one article examining pre-hospital intubation and factors influencing successful intubation in the pre-hospital setting. This prospective study evaluated 4691 transported patients, of which 236 required intubation. The intubation success rate was 88%, and was considered to be technically more challenging, especially in the setting of spinal immobilization (Doran et al., 1995) .
The available clinical studies evaluating the impact of airway control using in-line cervical stabilization did not find worsening of neurologic status after airway management (Maruyama et al., 2008; Scannell et al., 1993) . Anatomical studies of in-line stabilization with a Miller blade showed less cervical movement compared to use of a cervical collar alone (Gerling et al., 2000) .
Several randomized cross-over trials were performed assessing newer forms of indirect intubation in patients undergoing general anesthesia for elective surgeries with live fluoroscopy (Maruyama et al., 2008; Turkstra et al., 2005) . Indirect methods of intubation such as the Lightwand with manual in-line immobilization were found to cause less cervical motion than direct laryngoscopy with a Miller blade and in-line immobilization (Maruyama et al., 2008; Turkstra et al., 2005) .
Question 3. What is the impact of pre-hospital transport time to definitive care on the outcomes of patients with acute SCI?
There is little evidence regarding the impact of pre-hospital transport time to definitive care on the outcomes of patients with acute SCI. However, patients transported within 24 h for treatment fared better than those transported after 24 h. It is unknown if there were confounding factors in those patients transported after 24 h that negatively affected outcomes, such as medical comorbidities or concurrent injuries that hindered earlier transportation, and thus negatively impacted the results of spinal cord injury treatment. Air and ground transport are both safe when spinal precautions are taken for transport (Armitage et al., 1990; Burney et al., 1989; Flabouris, 2001) , and these studies did not document the development of any ascending neurological deficits with transport (Armitage et al., 1990; Burney et al., 1989; Flabouris, 2001 ).
Burney and associates reviewed patients with spinal column fractures with SCI (complete or incomplete) to assess whether these patients could undergo safe early transport to an SCI center using basic equipment for spine stabilization. Transportation was achieved both by ground ambulance (41%) , helicopter (54%), and fixed-wing aircraft (5%), and 84% were transferred within 24 h of injury. No patients suffered ascending injury levels as a result of transfer. There was no significant difference found in the probability of improvement between ground and air transportation (Burney et al., 1989) .
Padded boards or inflatable bean bag boards should be utilized to reduce pressure on the occiput and sacrum. These recommendations are intended for adults and children over the age of 12 years. Transport of patients with acute traumatic SCI to the definitive hospital center for care should occur within 24 h of injury.
Question 4. What is the role for pre-hospital care providers in cervical spine clearance and immobilization?
Emergency medical personnel in the pre-hospital setting can be trained to apply criteria to clear patients of cervical spinal injuries and immobilize patients suspected of having a cervical spinal injury. The implementation of this recommendation will likely be impacted by regional variations in law and health policy.
There is insufficient evidence to make recommendations for children, and the authors have concerns regarding the applicability of adult recommendations to pediatric patients.
Summary
Pre-hospital care of patients with potential spinal cord injury requires great care to minimize secondary SCI and potential morbidity related to spinal immobilization. This systematic review provides an evidentiary table and a summary of the review, in addition to recommended guidelines based on use of the Delphi method by a group of experts.
